Prenatal viral infection has been associated with development of schizophrenia and autism. Our laboratory has previously shown that viral infection causes deleterious effects on brain structure and function in mouse offspring following late first trimester (E9) administration of influenza virus. We hypothesized that late second trimester infection (E18) in mice may lead to a different pattern of brain gene expression and structural defects in the developing offspring. C57BL6J mice were infected on E18 with a sublethal dose of human influenza virus or sham-infected using vehicle solution. Male offsping of the infected mice were collected at P0, P14, P35 and P56, their brains removed and prefrontal cortex, hippocampus and cerebellum dissected and flash frozen. Microarray, qRT-PCR, DTI and MRI scanning, western blotting and neurochemical analysis were performed to detect differences in gene expression and brain atrophy. Expression of several genes associated with schizophrenia or autism including Sema3a, Trfr2 and Vldlr were found to be altered as were protein levels of Foxp2. E18 infection of C57BL6J mice with a sublethal dose of human influenza virus led to significant gene alterations in frontal, hippocampal and cerebellar cortices of developing mouse progeny. Brain imaging revealed significant atrophy in several brain areas and white matter thinning in corpus callosum. Finally, neurochemical analysis revealed significantly altered levels of serotonin (P14, P35), 5-Hydroxyindoleacetic acid (P14) and taurine (P35). We propose that maternal infection in mouse provides an heuristic animal model for studying the environmental contributions to genesis of schizophrenia and autism, two important examples of neurodevelopmental disorders.
Introduction
Schizophrenia is a major debilitating disease with a lifetime prevalence of 1% throughout the world (American Psychiatric Association, 1994) . The familial transmission of this disorder is multifactorial and heterogeneous (Asherson et al., 1994) . Not all cases of schizophrenia can be accounted for by genetic causes. There is robust epidemiologic evidence indicating that environmental contributions, such as infections prenatally, may lead to genesis of schizophrenia (Fatemi, 2005) .
Recent serologic evidence also points to multiple prenatal exposures to various viruses as causative factors in rise of schizophrenic births (Brown et al., 2004) . Several groups, including our laboratory, have shown evidence for viral infections and/or immune challenges being responsible for production of abnormal brain structure and function in rodents where mothers were exposed to viral insults throughout pregnancy (Fatemi et al., 2005a; Meyer et al., 2006) .
Recent evidence has shown that the time of prenatal insult may provide distinct changes in the exposed offspring. In a recent series of experiments by Meyer et al. (2006) using the viral mimic polyribocytidilic acid (PolyI: C) at E9 (which corresponds to mid-pregnancy) and E17 (which corresponds to late pregnancy) there were distinct behavioral deficits, neuropathological differences and acute cytokine responses (Meyer et al., 2006) . Adult mice that were exposed on E9 displayed reduced exploratory behavior while those exposed on E17 displayed perseverative behavior (Meyer et al., 2006) . At P24, mice that were exposed on E9 displayed a more pronounced reduction of Reelin immunoreactivity in hippocampus than mice exposed at E17 (Meyer et al., 2006) . In contrast, mice exposed at E17 displayed an increase in apoptosis as visualized by immunoreactivity of caspase-3, a key enzyme involved in apoptosis (Rami et al., 2003) , in the dorsal dentate gyrus (Meyer et al., 2006) . Finally, Meyer et al. (2006) found that late gestational immune challenge uniquely stimulated increased IL-10 and TNF-α in fetal brain (Meyer et al., 2006) . Taken together, these results provide evidence that the time of prenatal insult results in important differences that are persistent through adulthood.
Previous work by our group showed that influenza infection at E9 of pregnancy in mice leads to abnormal corticogenesis, pyramidal cell atrophy, and alterations in levels of several neuroregulatory proteins, such as Reelin, and GFAP, in the exposed mouse progeny (Fatemi et al., 1999 (Fatemi et al., , 2002a Shi et al., 2003) . We hypothesized that late second trimester infection (E18) in mice may lead to a different pattern of brain gene expression and structural defects in the developing offspring. Here, we present extensive genetic, imaging, and neurochemical data showing that a similar sublethal dose of human influenza virus (H1N1) in C57BL6J mice at E18, also leads to altered expression of many brain genes which may underlie brain atrophy and neurochemical dysregulation at puberty in the exposed mouse offspring.
Methods

Viral infection
All experimental protocols used in this study were approved by the Institute for Animal Care and Use and Institutional Biosafety Committees at the University of Minnesota. Influenza A/NWS/33 (H1N1) virus was obtained from R.W. Cochran, University of Michigan (Ann Arbor). A virus pool was prepared in Maden Darby canine kidney (MDCK) cells; the virus was ampuled and frozen at −80°C until used. Data were expressed as log 10 cell culture infectious doses (CCID 50 )/ml by the method of Reed and Muench (1938) . By this titration, it was determined that at a dilution of 10 − 4.5 , none of the mice died of the infection but displayed a mean lung consolidation scores and mean lung weights similar to those obtained by Fatemi et al. (2002b) and had a mean virus titer of 10 5.25 CCID 50 /ml, indicating that a moderate but sublethal infection had been induced. This was the virus dose selected for use in the pregnant mouse study. On day 18 of pregnancy, C57BL6J mice (Charles River, Wilmington, MA) were anesthetized using 200 μl isoflurane, and intranasally (i.n.) administered a dilution of 10 − 4.5 of 6.5 log 10 (CCID 50 ) per 0.1 ml human influenza virus A/NWS/33 in 90 μl of minimum essential medium (MEM). E18 was chosen as a time point as it corresponds to the second trimester in humans, a period when prenatal infection has been linked to the development of schizophrenia later in life (reviewed in Arndt et al., 2005; Libbey et al., 2005; Spear, 2000 Spear, , 2004 . Sham-infected mothers were treated identically but administered i.n. 90 μl MEM. After being infected, their drinking water contained 0.006% oxytetracycline (Pfizer, New York, NY) to control possible bacterial infections. Pregnant mice were allowed to deliver pups. The day of delivery was considered day 0. Groups of infected and sham-infected neonates were deeply anesthetized and killed on P0, P14, P35 and P56. Offspring were weaned from mothers at P21, and males and females were caged separately in groups of 2-4 littermates.
Brain collection and dissection
Pregnant mice were allowed to deliver pups. Day of delivery was considered as postnatal day P0. Male litter mates from P0, 14, 35, and 56 were obtained. Groups of infected (N = 10 litters) and sham-infected male neonates (N = 10 litters) were deeply anesthetized. The choice of ten animals per group was based on earlier calculations that yield an average effect size of 1.45 SD between infected and control animals. With alpha = 0.05, and a sample size of 10 per group, power is = 0.798. Brains were removed from skull cavities following perfusion with phosphate-buffered 4% paraformaldehyde (pH 7.4) with later immersion in the same fixative for 14 days at 4°C and used for all imaging studies. Alternatively, unfixed brains were snap-frozen by immersion in liquid nitrogen and stored at − 85°C for all gene array, western blotting and HPLC studies.
The areas of interest were dissected as follows: Frontal association area was identified using coronal images from the stereotaxic mouse brain atlas (Franklin and Paxinos, 1997) using the following coordinates: starting at +7.0 mm to +6.6 mm from interaural line and +3.2 mm to +2.8 mm from bregma. Moreover, the ventral and medial borders were identified by the corpus callosum and the external capsule. The ventrolateral border was defined by rhinal fissure. Hippocampus was identified using coronal images from the stereotaxic mouse brain atlas (Franklin and Paxinos, 1997) . The boundaries of dorsal, lateral, and medial regions are readily identifiable. The boundaries to the entorhinal cortex and amygdala were identified by extrapolating the lateral boundary defined by alveus of hippocampus. We only sampled ventral hippocampus using the following coordinates: starting at +2.74 mm to +1.62 mm from interaural line (just before the start of dorsal hippocampal fissure) and from −1.06 mm to −2.18 mm from bregma. Additionally, Zapala et al. (2005) provided step-by-step diagrams in their online supporting Appendix 2 to help with dissection of hippocampus. Cerebellum was identified using coronal images derived from the stereotaxic mouse brain atlas (Franklin and Paxinos, 1997) and using the following coordinates: starting at −1.40 mm to −3.68 mm from interaural line and from −5.20 mm to −7.48 mm from bregma. Additionally, sagitally, cerebellum is easily recognized using the boundary between the brainstem and the lateral recess of the 4th ventricle to the anterolateral edge of cerebellum.
Microarray
Tissues (N=3 control and N=3 infected for each of the three brain regions (cerebellum, hippocampus, and prefrontal cortex) at each of three time points P0 (birth), P14 (childhood), P56 (adulthood)) were homogenized with a Polytron in 1 ml TRIzol (Invitrogen). After 5 min, 200 μl chloroform was added, tubes were shaken by hand, incubated, and centrifuged at 12,000×g for 15 min (4°C). The aqueous phase was transferred to a new tube and RNA was precipitated with 500 μl isopropyl alcohol. The pellet was washed by resuspension in 75% ethanol and centrifugation at 7500×g for 5 min (4°C). The pellet was dried in air and dissolved in RNase-free water. RNA concentration and quality were determined by UVabsorbance (Nanodrop) and ribosomal RNA integrity (Agilent 2100 Bioanalyzer). The RNA was then cleaned and concentrated with the Qiagen RNeasy Micro Kit which included a DNase digestion according to the manufacturer's recommended procedure. The final preparation was stored at −80°C.
RNA was amplified and labeled with biotin using the Ovation kit (NuGEN) according to the manufacturer's procedure. Briefly, this involved reverse transcription with a proprietary DNA/RNA chimeric primer that hybridized with the 5′ portion of the polyA tail, which left a unique RNA sequence at the 5′ end of the cDNA strand. The mRNA within the mRNA/cDNA double strand was fragmented to create priming sites for generation of cDNA with the unique RNA sequence at the 5′ end of the antisense strand. An isothermal linear amplification procedure was employed, in which RNAse H removed this RNA sequence, exposing the complementary strand for hybridization of a different RNA/DNA chimeric primer that initiated synthesis of an antisense cDNA strand by DNA polymerase. In the presence of RNAse H, this primer was degraded, again exposing the priming site for additional rounds of cDNA synthesis. Continuing synthesis of cDNA displaced the previously-synthesized strands, yielding single-stranded cDNA as the amplification product. cDNA yield was determined by UV absorbance (Nanodrop). The cDNA was then fragmented (average length 50-100 bases) enzymatically and labeled with biotin. The product was cleaned with a Centrisep column (Princeton Separations), and concentration of the cDNA in the final eluate was determined by UV absorbance (Nanodrop).
External controls
Standard Affymetrix biotinylated cRNAs were spiked into the hybridization solution at the following final concentrations: 1.5 pM bioB, 5 pM bioC, 25 pM bioD, 100 pM cre.
Hybridization procedure
The fragmented, biotinylated cDNA was used for hybridization at 45°C for 17 h with Affymetrix U133 Plus 2.0 GeneChip arrays. The hybridization solution contained 0.0125 μg/μl cDNA, 50 pM oligonucleotide B2, 1.5 pM bioB cRNA, 5 pM bioC cRNA, 25 pM bioD cRNA, 100 pM cre cRNA, 100 mM MES, 1 M Na + , 20 mM EDTA, and 0.01% Tween-20, 0.1 mg/ml herring sperm DNA, and 0.5 mg/ml acetylated BSA. Arrays were washed and stained using an Affymetrix Fluidics Station 450 according to the standard Affymetrix protocol for eukaryotic expression arrays (see GeneChip Expression Analysis Technical Manual Rev. 5 available at www.affymetrix.com). This involved washing with low stringency Buffer A (6X SSPE, 0.01% Tween-20), then with stringent Buffer B (100 mM MES, 0.1 M Na + , 0.01% Tween-20), staining with phycoerythrin-streptavidin (SAPE) solution (10 μg/ml SAPE, 2 mg/ml BSA, 100 mM MES, 1 M Na + , 0.05% Tween-20), washing with Buffer A, staining with anti-streptavidin biotinylated antibody (3 μg/ml antibody, 0.1 mg/ml goat IgG, 2 mg/ml BSA, 100 mM MES, 1 M Na + , 0.05% Tween-20) then SAPE solution, and washing with Buffer A. All washing and staining steps were done at 25°C except for the buffer B wash (50°C) and the final wash in Buffer A (30°C).
Measurement of data and specifications
Arrays were scanned with the GeneChip Scanner 3000 7G. GeneChip Operating Software (GCOS, Affymetrix) was used for initial processing of the scanner data, including generation of cel files that were used for computation of GCRMA gene expression scores with GeneSifter software. The GCRMA procedure involved quantile normalization, and was described by Wu et al. (2004) (www.bepress.com/jhubiostat/paper1).
Array design
Mouse Genome 430 2.0 array was obtained from Affymetrix. The array provided comprehensive coverage of the transcribed mouse genome on a single array analyzing 39,000 transcripts and variants for over 14,000 genes. The oligonucleotide sequences, their locations on the array, and other annotations are available in files that can be viewed or downloaded from www.netaffx.com.
qRT-PCR
Quantitative RT-PCR was performed for selected genes from our microarray data that had an association with schizophrenia or autism or genes that were involved in influenza-mediated RNA processing using the TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA, USA) and a GAPDH Endogenous control assay. Each TaqMan Gene Expression Assay was pre-formulated consisting 2 unlabeled PCR primers at a final concentration of 900 nM and 1 FAM™ dye-labeled TaqMan® MGB of 250 nM final concentration. Sequences of the primers and probe are proprietary information.
For each sample (N = 3 for control and N = 3 for infected), between 0.6 μg and 2.5 μg total RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 2 μl of a 1:5 dilution for cDNA was combined with TaqMan® Universal PCR Master Mix, No AmpErase UNG (Applied Biosystems) and the Taqman Gene Expression Assay in a 10 μl reaction set up by the CAS-1200 liquid handling system. The real-time RT-PCR amplifications were run on an ABI PRISM 7900 HT Sequence Detection System (Applied Biosystems). Universal thermal cycling conditions were as follows: 10 min at 95°C, 40 cycles of denaturation at 95°C for 15 s, and annealing and extension at 60°C for 1 min. Amplification efficiencies were close to 100% for all assays according to analyses of a number of different dilutions of the cDNA. Calculations were done assuming that 1 delta Ct equals a 2-fold difference in expression. Significance values were determined using unpaired t-tests.
DTI and MR scanning 2.5.1. Brain tissue acquisition for MR scanning
Brains from C57BL6J male neonates born to infected and sham-infected E18 mothers at P0, P14, P35 (which corresponds to adolescence) and P56 (N = 4 infected, N = 3 control, 1 male/litter per group) were perfusion fixed in 4% paraformaldehyde in PBS buffer (pH 7.4) and subjected to DTI and MR scanning in PBS at room temperature (Mori et al., 2001 ).
Imaging and data processing
We used an 11.8 T Bruker scanner equipped with a triple-axis gradient unit (80 G/cm). The multiple spinecho-based imaging sequence was used. Mouse brains were placed in home-built plastic tubes. Inside the tubes, fixed mouse brains were immersed in formalin (MRIinvisible liquid) solution to keep the brain from dehydrating. A custom-made solenoid volume coil was used as both RF coil and signal receiver. To maximize the signal-to-noise ratio (SNR), it was important to use the smallest coil and sample chamber. We developed a probe with a detachable coil head where sample chambers are made from plastic shaped for individual brain sizes.
Native imaging resolution matrix was 144 × 80 × 60, which was zero filled to 256 × 128 × 128. The field-ofview was adjusted based on the size of the brains; from 12 × 9 × 9 mm for P0 to 20 × 15 × 15 mm for P56 brains. Six echoes were acquired after each excitation and the last two echoes were used for the navigator echoes. With the repetition time (TR) of 0.8 s and two signal averaging, imaging time was 2 h for each image. For the DTI studies, six to seven images with different diffusion weighting were obtained with TE = 40 ms and b = 1200 s/mm 2 . The combination of the x, y, and z gradients were x ± y, x ± z, and y ± z, in addition to a low diffusion weighting image (b = 150 s/mm 2 ). Once images with 6 different diffusion weightings were obtained (total 10.5 h), an isotropically diffusion-weighted image was obtained by adding all 6 diffusion-weighted images. 6 elements of diffusion tensor were determined by multivariable least square fitting using the equation;
Where D is a 3 × 3 symmetric tensor, Ḡ is a gradient vector, and S and S 0 are signal intensities with and without diffusion weighting. The tensor was diagonalized to obtain three eigenvalues (λ 1-3 ) and eigenvectors (v 1-3 ). Anisotropy was measured by calculating fractional anisotropy (FA);
Color maps were created by assigning FA to its intensity level and red, green and blue (RGB) values to the x, y, and z component of v 1 . T 2 -weighted images will be obtained using the same imaging parameters except for TE = 120 ms [relatively short T 1 (600-800 ms), and small T 1 differences among tissues in 11.7 T allow to use short TR]. T 2 maps can be calculated using the least diffusion- weighted image (TE = 40 ms) as a short TE data point. In addition, two more DTI-based contrasts were generated; namely isotropically diffusion-weighed images (iDWI) and apparent diffusion constant (ADC, average of diffusion tensor diagonal elements) maps. All imaging was performed at 25°C.
Data analysis -image alignment
All 3D volume data were aligned using our in-house landmark-based alignment program. It required identification of 5 anatomical landmarks at the mid-saggital level (anterior commissure, posterior commissure, optic chiasm, genu and splenium of corpus callosum) and automatically aligned a target brain to a standard brain by minimizing the distances.
Volume measurement
Using a series of axial sections (256 sections), the hemisphere and the ventricles were manually segmented. The delineation was based on the color-coded orientation maps that can clearly reveal the anatomical units of interest at each developmental stage. Once the segmentation was done, it was straightforward to calculate the number of pixels within each segmentation, from which the volume was obtained.
SDS-PAGE and western blotting
Brain tissue per mouse was prepared as previously described (Fatemi et al., 2006) . Samples were mixed with denaturing SDS sample buffer (20% glycerol, 100 mM Tris, pH 6.8, 0.05% w/v Bromophenol blue, 2.5% SDS (w/v), 5% β-mercaptoethanol) and denatured by heating at 100°C for 5 min. Either 6% (Foxp2) or 10% SDSpolyacrylamide gels (β-actin) were prepared with standard Laemmli solutions (BioRad). Sixty µg of protein per lane was loaded onto the gel and electrophoresed, initially for 15 min at 75 Vand then for 50 min at 150 Vat RT. The proteins were electroblotted onto nitrocellulose paper for 2 h at 300 mA at 4°C. Protein blots were blocked either 1 h at RT (Foxp2) or overnight at 4°C (β-actin) with 0.2% I-Block (Tropix) in PBS with 0.3% Tween-20. The blots were then incubated with primary antibody overnight at 4°C (Foxp2 Abcam ab16046, 1:2000) or for 1 h at RT (mouse anti-β-actin, Sigma A5441, 1:5000) followed by secondary antibody incubation for 1 h at RT (goat antimouse HRP conjugated or goat anti-rabbit HRP conjugated, 1:80,000, both from Sigma). Between each step, the immunoblots were rinsed with PBS-T. The immune complexes were visualized using the ECL Plus detection system (Amersham Pharmacia Biotech) and exposed to CL-Xposure film (Pierce). Sample densities were analyzed using a Bio-Rad densitometer and Quantity One software.
Results obtained are based on between two and eight independent experiments with N = 3 infected and N = 3 control mice per gel. For each experiment, control and infected samples were run on the same gel and processed simultaneously to avoid variability due to intragel differences.
Neurochemical analyses
For neurochemical analyses, frozen cerebellum samples (N = 3 control and N = 3 infected) were weighed and homogenized by ultrasonication in 20 volumes of 0.1 N perchloric acid at 4°C. 100 µl of the homogenates was added to equal volumes of 1 N sodium hydroxide for measurement of protein contents. Cerebellum was selected as recent evidence has emerged that it is important for cognition and memory (Gottwald et al., 2004; Schmahmann and Caplan, 2006) . The remaining homogenates Table 2 Foxp2/ β-actin ratios for infected and control progeny were centrifuged at 17,000 × g and 4°C for 10 min. Aliquots of the supernatants were added to equal volumes (50 µl) of 0.5 M borate buffer and stored at −80°for subsequent analyses of amino acids. The remaining supernatants were used for immediate measurement of monoamines and their metabolites. The levels of monoamines (dopamine and serotonin [5-hydroxytryptamine; 5-HT] and their metabolites 3, 4-dihydroxyphenylacetic acid (DOPAC) and 5-hydroxyindoleacetic acid (5-HIAA)) were measured by high performance liquid chromatography (HPLC) with electrochemical detection as previously described (Felice et al., 1978; Sperk et al., 1981; Sperk, 1982) . Amino acids (glutamate, gamma-amino butyric acid (GABA), and the metabolite glutamine) as well as taurine were precolumn derivatized with o-phthalaldehyde-2-mercaptoethanol using a refrigerated autoinjector and then separated on a HPLC column (ProntoSil C18 ace-EPS) at a flow rate of 0.6 ml/min and a column temperature of 40°C. The mobile phase was 50 mM sodium acetate pH = 5.7 in a linear gradient from 5% to 21% acetonitrile. Derivatized amino acids were detected by their fluorescence at 450 nm after excitation at 330 nm (Piepponen and Skujins, 2001 ).
Statistical analysis
All statistical analyses were performed using SPSS. Differences of the normalized mRNA expression levels of selected genes between drug treated and saline-treated mice were assayed using two-tailed student's t-test. Significant differences are defined as those with a p value b0.05.
For western blots, differences of the protein levels of FOXP2 between the progeny of virally-exposed and sham-infected mice were normalized against β-actin and assayed using a two-tailed student's t-test. Significant differences are defined as those with a p value b 0.05.
For neurochemical analyses data were statistically analyzed using SigmaStat version 3.0. A one or two-way analysis of variance (ANOVA) was used for all comparisons (treatment, testing day) and the Holm Sidak method was used for post hoc analysis when indicated. A probability level (p) of less than 0.05 was considered statistically significant.
Results
We used Affymetrix microarrays, qRT-PCR, HPLC, and MRI-based imaging to evaluate our results. C57BL6J Gene expression data showed a significant (p b 0.05) at least 1.5 fold up-or downregulation of genes in frontal (43 upregulated and 29 downregulated at P0; 16 upregulated and 17 downregulated at P14; and 86 upregulated and 24 downregulated at P56), hippocampal (129 upregulated; 46 downregulated at P0; 9 upregulated and 12 downregulated at P14; and 45 upregulated and 17 downregulated at P56), and cerebellar (120 upregulated and 37 downregulated at P0; 11 upregulated and 5 downregulated at P14; and 74 upregulated and 22 downregulated at P56) areas of mouse offspring (Supporting Table 1 online) . Several genes, which have been previously implicated in etiopathology of schizophrenia, were shown to be affected significantly (p b 0.05) by DNA microarray and whose direction and magnitude of change were validated by qRT-PCR and included: rho guanine nucleotide exchange factor 9 (Arhgef9), v-erb-B2 avian erythroblastic leukemia viral oncogene (Erbb4), semaphorin 3A (Sema3a), ephrin B2 (Efnb2), myelin transcription factor 1-like (Mytll), transferrin receptor 2 (Tfr2), sry-box 2 (Sox2), very-low density lipoprotein receptor (Vldlr), deadbox polypeptide 3 y-linked (Dby), neurexophilin 2 (Nxph2), ATPase, Na+/ K+ transporting, beta 2 polypeptide (Atp1b2), ubiquitously transcribed tetratricopeptide repeat gene on Y chromosome (Uty), and death associated protein kinase 1 (Table 1 ). There were also several genes which are known to be involved in influenza-mediated RNA processing which were upregulated in all three brain areas and continued to be present at day 0, e.g. NS1 influenza binding protein and aryl hydrocarbon receptor nuclear translocator genes (Table 1) .
Forkhead box P2 (Foxp2), a gene implicated in both autism (Gong et al., 2004) and schizophrenia (Sanjuan et al., 2006) , has previously been demonstrated to be upregulated in P35 cerebellum of exposed mice of Balb/c dams infected on E9 (Fatemi et al., in press-a) . Western blotting experiments revealed that Foxp2 protein was upregulated significantly in P0 ( p b 0.050) and P35 cerebellum ( p b 0.032) of exposed mouse progeny (Fig. 1 , Table 2 ). Foxp2 was also found to be significantly upregulated in P35 ( p b 0.036) and P56 ( p b 0.022) hippocampi of exposed mice (Fig. 1, Table 2 ).
Analysis of brain and lateral ventricular volume areas in postnatal brains showed significant atrophy of the brain volume by ≈4% ( p b 0.05) in P35 offspring of exposed mice ( Fig. 2; Table 3 ). The ventricular values did not vary significantly between the two groups (data not shown). Fractional anisotropy of corpus callosum revealed white matter atrophy on P35 offspring ( p b 0.0082) of exposed mice (Table 4) .
Levels of monoamines (DA and 5-HT), monoamine metabolites (DOPAC and 5-HIAA), and amino acids (glutamate, GABA, glutamine), were determined in the cerebella of mice virally exposed at embryonic day E18 and controls as previous work has demonstrated altered levels of neurotransmitters in schizophrenia (reviewed by Sawa and Snyder, 2002) and autism (reviewed by Zimmerman et al., 2006) . Absolute concentrations of neurotransmitters are given in Table 5 . Post hoc test revealed significant differences between groups in 5-HT and 5-HIAA at postnatal day P14 (Fig. 3a, b ; Table 5 ) and in 5-HT and taurine at postnatal day P35 (Fig. 3c, d ; Table 5 ).
Discussion
Analysis of some of the virally-regulated brain genes in the exposed progeny show positive associations with schizophrenia including the following genes: 1) Arhgef9 is a Rho GTPase that has been shown to activate cell division cycle 42 (Cdc42) (Reid et al., 1999) which in turn is involved in elongation of dendritic spines. Cdc42 is reduced in prefrontal cortex of schizophrenics (Hill et al., 2006; Nishimura et al., 2006) . Expression of mRNA for Arhgef9 was significantly increased ( p b 0.025) in frontal cortex of day 0 mice potentially in response to altered Cdc42 levels in the virally exposed brain tissue; 2) Erbb4 gene codes for a protein which serves as receptor for neuregulin 1. This gene is involved in neuron and glial proliferation, differentiation, and migration processes. Binding of Erbb4 and neuregulin1 lead to NMDA receptor current propagation, a process which is apparently defective in schizophrenia (Hahn et al., 2006) . A recent report shows that polymorphisms in neuregulin 1 are associated with grey and white matter alternations in childhood onset schizophrenia (Addington et al., 2006) , a striking similarity seen in our viral model of schizophrenia, where brain atrophy also occurs in puberty in the exposed mice (Fig. 2, Table 3 ). The significant increase in Erbb4 mRNA seen here may be due to decreases in levels of neuregulin 1 in the exposed mice; 3) Sema3a is an important gene involved in axonal guidance and white matter development. Interestingly, levels of this mRNA is elevated in cerebella of schizophrenic subjects (Eastwood et al., 2003) akin to significant (p b 0.013) 3.5 fold elevations in hippocampi of offspring of exposed mice at P0; 4) Efnb2 is a gene important in neural crest development (Irie and Yamaguchi, 2004; Ivanov et al., 2005) and is known to become upregulated by exposure to LPS (Ivanov et al., 2005) and is a ligand for Nurr protein (Calo et al., 2005) . It is also upregulated by hypoxia (Vihanto et al., 2005) and is involved in NMDA dependent synaptic function (Henderson et al., 2001) ; 5) Tfr2 levels are known to be elevated in plasma of schizophrenic and bipolar patients (Maes et al., 1995; Tsai et al., 2003) and may serve as a potential receptor for viral activity in the exposed mouse brain; 6) Sox2 is involved in neuronal patterning with mutations in Sox2 being responsible for neurological symptoms (Kelberman et al., 2006) . Sox10 mRNA has been shown to be reduced in hippocampus and anterior cingulate cortex of subjects with schizophrenia (Dracheva et al., 2006) ; 7) mRNA levels for Vldlr, a receptor for Reelin was elevated by two fold in the hippocampal tissues of offspring of infected mice and showed a near significant trend. This important gene is also upregulated in autism (Fatemi et al., 2005b) and was recently considered important in regulation of sensorimotor gating which is abnormal in our viral model (Shi et al., 2003) and in schizophrenia and autism (Braff et al., 2001; Perry et al., 2007) ; 8) Dby was elevated by seven fold ( p b 0.0052) in the infected frontal cortex of exposed day 56 mice and is involved in RNA splicing, ribosome assembly, cell growth and differentiation (Bartholomew and Parks, 2007) . This gene codes for a RNA helicase and may in fact connote direct action of influenza viral activity in our exposed virally infected brains, since it is known to also be affected by the influenza virus (Pichlmair et al., 2006) . Additionally, T. Cruzi infection also leads to increases in RNA helicase activity (Diaz Añel et al., 2000) .
Foxp2 is a putative transcription factor containing a polyglutamine tract and a forkhead DNA binding domain. Foxp2 is associated with language and speech deficits (Hurst et al., 1990; Lai et al., 2000) . Lai et al. (2000) , studied a three-generation pedigree with a severe speech and language disorder and found a point mutation in the forkhead domain segregated with affected status. Gong et al. (2004) found a significant association between an SNP of Foxp2 and autism (Gong et al., 2004) . Additionally, a significant genetic association has also been found between Foxp2 polymorphisms and subjects with schizophrenia (Sanjuan et al., 2006) . Our results have shown an upregulation of Foxp2 protein product in both cerebellum (P0, P35) and hippocampus (P35, P56) of the progeny of virally exposed mice suggesting that this candidate gene for autism is affected by our animal model and may serve as an important gene to study in schizophrenia. Furthermore, prenatal viral infection of E9 Balb/c mice caused upregulation of Foxp2 gene in cerebella of day 35 mouse progeny pointing to specificity of viral insult in upregulation of this gene in various embryogenic stages (E9 vs. E18) and in two strains of mouse (C57BL6J vs. Balb/c) (Fatemi et al., in press-a) .
Analysis of brain volume in the exposed mouse progeny showed a significant (p b 0.05) ∼ 4.3% decrease at postnatal day 35 (Fig. 2) . Quite interestingly, this atrophy has been seen in adolescent children with schizophrenia and been associated with abnormalities in the neuregulin 1 gene function, a ligand for receptor Erbb4 which is significantly elevated in frontal cortex of day 56 exposed mouse progeny. Previous work had also shown pyramidal cell atrophy and thinning of cortex and hippocampus in E9 infected mouse progeny (Calo et al., 2005) . Fractional anisotropy of the corpus callosum revealed white matter atrophy at postnatal day 35, suggesting a decrease in myelin and axonal density. This finding is relevant to our study since numerous reports show white matter thinning in brains of subjects with schizophrenia, especially in corpus callosum (Ardekani et al., 2003; Kubicki et al., 2005; Wolkin et al., 1998) .
Neurochemical measurements in cerebella of virally exposed mice provided a very intriguing pattern i.e., levels of serotonin were reduced significantly in postnatal days 14 and 35. Serotonin receptor abnormalities have been demonstrated in patients with schizophrenia (Penas-Lledo et al., 2007) . The level of serotonin metabolite 5HIAA was also reduced significantly in postnatal day 14 and non-significantly in postnatal day 35. Serotonin also has neurotrophic effects during embryogenesis (Sodhi and Sanders-Bush, 2004 ) and reductions in serotonin in critical periods of brain development could contribute to brain atrophy observed in this study. Finally, levels of taurine, a non-proteinogenic amino acid abundantly found in brain (Albrecht and Schousboe, 2005) was reduced significantly in day 35 virally exposed mouse cerebella. Taurine has an essential role in development and survival of neurons. Taurine deficiency in development leads to abnormal cerebellar organization and function. Reduced levels of CSF taurine lave been demonstrated in drug-free schizophrenic patients (Do et al., 1995) .
Additionally, previous work has shown that prenatal viral infection in mice leads to several behavioral abnormalities (deficits in prepulse inhibition (PPI), decreased exploratory behavior in both open-field and novelobject tests and deficits in social interaction) observed in subjects with schizophrenia (Shi et al., 2003) . PPI deficits can be restored following acute administration of clozapine and chlorpromazine, adding to the predicative validity of this model (Shi et al., 2003) .
The current study provides a chance to compare infection early in pregnancy (E9) with infection late in pregnancy (E18) ( Table 6 ). Our microarray data for E9 was not as systematized as E18 (whole brain in E9 vs. three areas in E18), however the comparing totality of genes between two groups, far fewer genes displayed changed expression at E9 than at E18 (Table 6 ). Thus, it appears that the effect of viral infection early in pregnancy is not nearly as dramatic as at later time points. Mice infected at E9 displayed behavioral abnormalities as described above (Shi et al., 2003 ). We have not tested the offspring of mice infected at E18 for behavioral abnormalities, this will be investigated in future experiments. Morphological comparisons between the two infection time points varied in terms of technique. For E9 exposed offspring we used cell counting and serial sectioning which revealed pyramidal cell atrophy, increased numbers of non-pyramidal and pyramidal cells at P14 weeks, and early thinning of cortex and hippocampus at P0 (Fatemi et al., 2002b) . Adults displayed increased brain area and decreased ventricular area (Fatemi et al., 2002b) . For E18, we did not use cell counting but rather MRI and DTI which revealed brain atrophy at P35 and fractional anisotropy revealed thinning white matter in corpus callosum. Finally, it appears that expression of different sets of genes and proteins are altered depending on time of infection. At E9, we observed alterations in gene and protein expression related to neurodevelopment (Reelin, SNAP-25), glutamate/GABAergic system (GAD 65/67, nNOS), immune system dysregulation and astroglial activation (GFAP), and glial-neuronal communication (aquaporin 4 and connexin 43), (Fatemi et al., 1998a (Fatemi et al., ,b, 1999 (Fatemi et al., , 2000 (Fatemi et al., , 2002b (Fatemi et al., , 2004 . We did not find these genes to be altered in the current study. Thus, clear but different patterns are apparent with E9 infection vs. E18 infection. Interestingly, Foxp2 expression is altered following insult at both E9 and E18.
Comparison of our animal model with other models reveals similarities in terms of outcomes, particularly regarding infection on E9 (for a review see Meyer et al., 2007) . As mentioned previously, infection on E9 resulted in decreased Reelin (Fatemi et al., 1999) , which was similarly observed by Meyer et al. (2006) following insult with PolyI:C on E9. Infection on E9 in our model led to defective corticogenesis (Fatemi et al., 1999) which has also been observed by Meyer et al. (2006) following insult on E9 and E17. The current study has not examined corticogenesis following insult on E18; this should be examined in future experiments, however, presence of brain atrophy and thinning of white matter do occur in P35 exposed offspring. Finally, infection on E9 resulted in gliosis in our model (Fatemi et al., 2002a) . Similar results have been obtained by Samuelsson et al. (2006) following administration of IL-6 to rats at mid-pregnancy (E8, E10, E12) and late pregnancy (E16, E18, E20) (Samuelsson et al., 2006) and by treatment of rats throughout gestation with lipopolysaccharide (Borrell et al., 2002) .
While caution should be used in comparing our animal model with viral infection and the possibility of subsequent development of autism or schizophrenia in humans, comparison of E9 to E18 data implies that infection at different times during pregnancy may result in differing pathologies. Infection on E18 may be a better model for schizophrenia based on the changes in brain at P35 or adolescence. Previous reports have shown that an acceleration of gray matter loss is observed with very early onset schizophrenia (Rapoport et al., 1999; Thompson et al., 2001 ) similar to the brain atrophy of exposed offspring of mice infected on E18 display at P35. Infection on earlier time points such as E9 may be a better model for autism with early thinning and later enlargement of the brain. Several epidemiological reports point to significance of 1st trimester infection for autism (reviewed by Arndt et al., 2005; Libbey et al., 2005; Spear, 2000 Spear, , 2004 vs. some reports supporting 2nd trimester infection for schizophrenia (Limosin et al., 2003; Suvisaari et al., 1999) .
In conclusion, genetic, morphometric, and neurochemical data presented here, support the notion that prenatal influenza infection can indeed precipitate altered patterns of gene expression, and neuroanatomic Fatemi et al., 1998a Fatemi et al., ,b, 1999 Fatemi et al., , 2000 Fatemi et al., , 2002a Shi et al., 2003; Fatemi et al., 2004 Fatemi et al., , 2005a abnormalities in the developing brain. This model mimics several biochemical, genetic, behavioral, and neuroanatomic characteristics of schizophrenia and may shed light on mechanisms responsible for genesis of this severe disorder.
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